Introduction
Severe injuries of the spinal cord can cause total or partial loss of functions corresponding to motor tracts that are responsible for lower limbs muscle activation. The result is the loss of voluntary control of movement and the ability to stand and walk. Recent studies in this field are investigating non-invasive methods aiming to facilitate functional motor activities, including standing and stepping in paralyzed people [1] , [2] . One potential technique that could directly stimulate the spinal cord is magnetic stimulation, because the electromagnetic field can pass layers of high resistivity, i.e. the vertebral bone. Preliminary experiments [2] , aimed to evaluate if transcutaneous magnetic stimulation is able to directly stimulate the spinal cord. To do so, we examined the responses elicited in the leg muscles by stimulation. The experimental results are explained by evaluating the electrical field induced in the human body during magnetic stimulation using a simplified computer model of the thorax [3] .
Experimental Method
Seven subjects (aged 20-35, 5 males, 2 females) with intact nervous system participated in the study. Electromyography (EMG) signals were recorded from quadriceps (QM), hamstrings (HM), tibialis anterior (TA) and triceps surae (TS) muscles, with subjects in the prone position. Magnetic stimulation was applied to several stimulation sites, at maximum tolerable intensity. We used a Magstim Rapid² (Magstim Co) magnetic stimulator. The nervous impulses generated in this area are propagated through nervous pathways to the lower limbs, producing muscular contractions. The compound muscle action potentials (CMAP) were recorded through EMG. The established experimental protocol started by defining the coil (we used the figure of eight coil) position with respect to the vertebral column. The abbreviations we used are L for left, R for right and M for middle, followed by the angle between the spine and the handle of the stimulation coil, i.e. M90 means that the coil is placed centered above the vertebras and its handle is perpendicular to the spine [2] . The nature of muscles responses obtained experimentally was demonstrated using the double stimulus paradigm. One can notice that the CMAP response to the second stimulus has much lower amplitudes or is completely suppressed, which is usually an indication of the refractory period similar to the posterior roots muscle (PRM) reflexes (Fig. 1 ). At a certain point of our investigations we concluded that these kinds of responses are not PRM reflexes and formulated the hypothesis that they could be due to direct stimulation of the cortical-spinal tract [2] . In the next section of the paper we compute the electric field induced in the spinal cord and the transmembrane potential in order to evaluate if the field is strong enough to directly stimulate the spinal cord, or only adjacent nervous structures can be activated using this technique.
Simulation Model and Results
To evaluate the response of the spinal cord to magnetic stimulation, we imagined a simplified model of the spinal cord, as a continuous cylinder, surrounded by concentric interrupted cylinders, representing the vertebras. The model is fully described in [3] . According to the electromagnetic field theory, the electric field inside the tissue can be computed by means of the vector magnetic potential and the scalar electric potential, which depends on the geometry of the tissue-air interface [4] . The electric potential, V, inside the domains (i) with different electrical properties is numerically evaluated by solving Laplace equation ( )
The computations were performed using a Matlab routine, based on the Finite Difference Method. The created system of equations was solved using Gauss elimination algorithm [3] . To describe the mechanism of magnetic stimulation, we compute the response of the neuronal structures to the applied stimulus. We model the neuronal structures in the form of a cable and the membrane response can be computed by solving the equations describing the transmembrane potential across the membrane of the cable in the presence of induced electric fields [3] . The coil used in our simultations has the same constructive parameters as the coil used in experiments: diameter equal to 70 [mm] , and the total number of turns was 18 -9 turns on each of the two leafs [2] . The inductivity of this coil is given by the manufacturer of the magnetic stimulator and is L=16.35 [µH] . To use the magnetic stimulator to 100% of its total power, the initial voltage on the stimulator's capacitor was set to U 0 = 50 [V] . The maximum value of the stimulator's current derivative is (Fig. 2a, 3a) , we first computed the axial component of the E field induced by the magnetic stimulation inside the spinal cord (Fig. 2b) . Next, we compute the axial derivative of the E z component of the electric field, the activation function (Fig. 3b) . To achieve stimulation, the nerve fiber must be located in the area where the derivative of the electric field is nega- [3] . Therefore, we introduce this negative minimum value in the active behavior model of the nerve fiber, and then we check if it is sufficient to produce activation of the spinal cord. With the value of 50 [V] for the initial capacitor's voltage, we could only achive stimulation of the spinal nerves, located outside the spine, and not direct stimulation of the spinal cord. Therefore, we increased the value of the initial voltage on the capacitor until we achieved stimulation of the spinal cord (an action potential is evoked). According to [5] , the maximum load that can be retained by a magnetic stimulator's capacitor must be smaler than 3 [kV]. The minimum negative value for the activation function produces the activation of the spinal cord. This value is about dE z /dz=-50 [mV/mm 2 ] for both positions, sufficient to achieve an action potential (Fig. 4 (a, b) ). From Fig. 4 , one can see that using the appropriate values of the capacitor's initial voltage, the spinal cord is activated for both considered positions. For the overdamped state, the first magnetic stimulation of the spinal cord occurs at U 0 =1750 [V] for M0, and for U 0 =1800 [V] for R270. These values are lower than those needed to trigger activation for the underdamped state. If the same value of the initial voltage is considered (Fig. 4) , we get a larger latency period for the underdamped regime than for the overdamped one (2. 
Conclusions
Even considering the limitations of our simplified model, the simulation results emphasize that the spinal cord could not have been directly stimulated during our experiments, but activation can be triggered by the use of larger values of the input voltage of the magnetic stimulator (this requires a more powerful magnetic stimulator). Our work suggests that to directly stimulate the spinal cord tracts, a magnetic stimulator with a maximum initial voltage of the stimulator's capacitor is required, that exceeds available ones by a manifold (1800/50). The technical feasibility and applicability of such a device will be discussed in a future paper.
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